Abstract-A full-wave method is presented to investigate radiation from a microstrip amplifier. The spectral-domain dyadic Green's function, which takes into account both radiation and surface waves, is used to formulate an integral equation. The method of moments is then employed to find the current densities in microstrips and, subsequently, the scattering parameters of the amplifier. The radiated space and surface waves that are launched from the amplifier can be further expressed in terms of the dyadic Green's function and current densities. To verify the numerical results of scattering parameters and far-field radiation patterns, a UHF-band microstrip amplifier matching with single stubs has been implemented and measured. The comparison between simulation and measurement shows excellent agreement.
I. INTRODUCTION

I
N THE PAST, space-and spectral-domain approaches applied to the electric-field integral equations (EFIEs) [1] - [5] and mixed-potential integral equations (MPIEs) [6] - [8] have been used extensively to characterize the microstrip passive components. For analysis with an active component, one can import the full-wave scattering-parameter results as a black box and cascade them with an active device model using a conventional microwave computer-aided design (CAD) tool. However, the RF parameters that can be evaluated are not extended to radiation and surface-wave losses. Recently, new techniques based on the finite-difference time-domain (FDTD) method [9] - [11] have been reported in simulating microstrip active circuits. Although showing great potential in predicting the electromagnetic interference, these new techniques still have difficulties in distinguishing between radiation and surface waves.
In this paper, the spectral-domain approach applied to the EFIE is formulated to investigate a microstrip amplifier that comprises arbitrarily shaped junctions, vias, and a GaAs MESFET. The three-dimensional metallization structure requires a current segmentation scheme in the moment-method procedure. It was found that, for microstrip structures, the use of rectangular basis functions, as proposed in [2] , is quite efficient numerically. After the current densities in the microstrip traces have been found, the scattering parameters can be extracted. The spectral-domain EFIE formulation can be interpreted by superposition of plane-wave functions. One can differentiate between radiation and surface waves by examining their plane-wave spectra [12] , [13] . The losses due to radiation and surface waves are finally evaluated through a rigorous Poynting vector analysis.
II. THEORY
A. Impedance Parameters for the GaAs MESFET Small-Signal Model Fig. 1 shows a typical common source configuration for a GaAs MESFET. For this device to function as an amplifier, proper bias conditions need to be established. This determines the values of intrinsic network parameters in the small-signal equivalent circuit, as shown in Fig. 2 . The extrinsic parameters include the source, gate, and drain inductances due to bond wires and a stability resistance. By referring to [13] and [14] , the two-port impedance parameters for such an equivalent cir- Fig. 3 shows the design of the input and output matching circuitry implemented on the top of the substrate. The GaAs FET is placed on the bottom ground plane, as shown in Fig. 1 . Its gate and drain pads are wire bonded to the vias, which are connected to the microstrip lines. In the spectral-domain approach, the space-domain electric field can be expressed as the inverse Fourier transform of the vector product of spectral-domain dyadic Green's function and the Fourier transform of the current densities. Assuming that the microstrip lines are perfect conductors, the EFIE is generally written as for on the conductor (12) where and denote the spectral-domain dyadic Green's function and Fourier transforms of the current densities, respectively. is the impressed field due to the voltage excitation. When the method of moments is used to solve the above equation, the current densities in a three-dimensional metallization structure, as shown in Fig. 3 , are discretized into a number of rectangular cells. Under this scheme, the surface current density on the microstrip lines is expanded by a number of rooftop functions, whereas the vertically directed volume current density in a via is approximated using a rectangular post [2] , [5] . After transforming into the spectral domain, the microstrip current densities can be expressed as (13) where (14) (15)
By substituting (13) into (12), it is found that the integration with respect to can be evaluated in closed form. This results in the spectral-domain expression of the electric field given as (18) All the components of the spectral-domain dyadic Green's functions in (18) can be found in [4] . For the excitation, an impressed electric field in the -direction is generated by a voltage source across an infinitesimal gap near the edge of input microstrip line. An -directed semi-infinite traveling-wave function is also used for current expansion in the output microstrip line to exclude the effects of the reflected currents [1] . To deal with the active elements, in Fig. 1 , one can assume that the via connected to the gate pad has a voltage potential with respect to ground, whereas the via connected to the drain pad has a voltage potential equal to . Thus, the electric field for excitation can be approximated as (19) Substitute (18) and (19) into (12) and apply the method of moments to convert the integral equations into a matrix form given as (20) Each submatrix on the left-hand side of (20) represents a set of mutual impedances between expansion functions and testing functions. For the excitation submatrices on the right-hand side, since a delta function is assumed for each component in (19), integrating over the testing functions yields nonzero elements for and . It is noted that the submatrix contains the transistor current coefficients to be determined and can be moved to the left-hand side before the matrix inversion is performed to compute all the unknown current coefficients.
C. Evaluation of Radiation and Surface-Wave Losses
Once the dyadic Green's function and current densities have been found, in principle, the electromagnetic fields in all space can be determined. By referring to (18), the scattered electric field in the space domain due to the microstrip current densities is expressed as (21) The above expression includes both radiated space and surface waves. The radiated space waves propagate upward from the top of the substrate into free space. Therefore, for the variation in the vertical direction, a traveling-wave function is assumed and factored out. Note that the wavenumber has to be positive real. Thus,
The electromagnetic fields of radiated space waves in the freespace region can be then characterized by the forms
where (25) The radiation loss can be evaluated by integrating the corresponding Poynting vector over an infinite plane ( ) that is above and parallel to the substrate surface [12] . The integral is given as (26) Substituting (23) and (24) into (26), the radiation loss is found to be independent of the choice of and can be finally formulated in the spectral domain as (27) The radiation patterns can be also computed from knowledge of the microstrip current densities. We can look upon the far fields as the Fourier transform of aperture fields located above the substrate. This leads to the expressions of the radiation patterns given as (28) (29) Surface waves propagating along the substrate can be investigated mathematically by the residue of the surface-wave poles in (21). When expressed in polar coordinates, the surface-wave electric field is written as 
III. NUMERICAL RESULTS AND DISCUSSION
In the experiment, an NEC72084 GaAs MESFET was given dc bias at V and mA with the help of bias-T components. To ensure unconditional stability of the amplifier, a chip resistor was connected to the drain pad. The two-port scattering parameters for the MESFET connected with 50-microstrip lines and bias-T's at input and output were measured on an HP8510C with a frequency sweep from 1 to 3 GHz and then deembedded to the reference planes, and , where the via's centers were located. These deembedded scattering parameters can be converted into the MESFET's impedance parameters directly. However, for SPICE simulation applications, we developed an optimization procedure on HPEEsof's MDS to extract all the equivalent-circuit element values, as listed in Table I . It can be seen from Fig. 4 that, in the frequency range of 1-3 GHz, the scattering parameters calculated from the equivalent-circuit model agree quite well with the measured results. In the next step, we design the microstrip amplifier with a maximum gain at 1.9 GHz for personal communication service (PCS) applications. The single-stub matching, as shown in Fig. 3 , has been analyzed using the presented spectral-domain approach. As a result, the simulated scattering parameters for the microstrip amplifier are demonstrated in Fig. 5 . Comparison with measurements also shows excellent agreement. One can observe that, at 1.9 GHz, the amplifier is well matched and reaches a maximum gain of 13.5 dB.
The numerical results of the microstrip current densities in (20) are further used to evaluate the radiation and surface-wave losses. Fig. 6 shows both losses normalized by the incident power. It can be seen that maximum loss for both radiation and surface waves occurs at 1.9 GHz. This can be explained by the intensity of the microstrip current densities plotted in Fig. 7 . At 1.9 GHz, the microstrip amplifier reaches its maximum gain and, meanwhile, has the most intensive current density for radiation. Fig. 7 also shows the surface-wave power patterns calculated from (35). Basically, the patterns point in the same direction as the microstrip currents propagate. It can be clearly found that, at 1.9 GHz, the -directed current density dominates and the surface-wave pattern points at . When the amplifier is not matched, say, at 1 and 3 GHz, the corresponding current densities become much less intensive in the -direction. This makes the current densities in the microstrip stubs along the -direction play an important role to tilt the surface-wave pattern. Similar explanations can be applied to the radiation patterns in Fig. 8 , which are calculated from (28) and (29). Since the current density concentrates in the -direction at 1.9 GHz, it is reasonable to find that the co-polarized field is larger by at least 10 dB than the cross-polarized field in both the -and -plane. However, for the mismatch situations at 1 and 3 GHz, the -directed current densities become relatively strong, raise the cross-polarized fields, and tilt the radiation patterns. To verify the theoretical results, we have measured the -plane co-polarization patterns for the microstrip amplifier operating at 1, 1.9, and 3 GHz, respectively. Fig. 9 shows both calculated and measured patterns, which are normalized by the maximum co-polarized field intensity at 1.9 GHz. As predicted, good agreement has been found.
IV. CONCLUSION
A full-wave method has been presented to analyze radiation from a microstrip amplifier. A small-signal equivalent circuit of a GaAs MESFET has been incorporated in the spectral-domain EFIE formulation. The method of moments is applied to solve for the current densities distributed on the microstrip amplifier. These current densities cannot only determine the scattering parameters of the amplifier, but can also evaluate the losses due to radiated space and surface waves launched from the amplifier. Across the measured frequency range, the radiation loss dominates over the surface-wave loss. In addition, both losses increase with the intensity of the microstrip current densities. This explains why maximum losses have been observed when the microstrip amplifier is well matched.
